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Pattern of urinary proteins in experimental diabetes
J. PHILLIP PENNELL and TERRI L. MEINKING
Department of Medicine, Division of Nephrology, University of Miami School of Medicine, Miami, Florida
Proteinuria develops rapidly after the induction of experi-
mental diabetes and is the major abnormality of renal function
in chronically diabetic rats [1—9]. Proteinuria can be prevented
or reversed by metabolically effective pancreatic islet trans-
plantation or insulin treatment [3—6, 9]. Albumin is the protein
moiety whose renal excretion has been studied most extensive-
ly in diabetic rats [3, 4, 6, 7]. Increases in albumin excretion of
small magnitude have been found in both acutely and chronical-
ly diabetic rats during poor metabolic control [3, 6, 7], although
this has not been a universal observation [4, 8]. Regardless of
the absolute level of albuminuria, it appears that albumin
comprises a relatively low proportion (5 to 20%) of total urinary
protein in diabetic rats [4, 7, 8].
The purpose of this study was to characterize the pattern of
proteins appearing in the urine of acutely diabetic rats by
polyacrylamide gel electrophoresis (PAGE) and to evaluate
how that pattern changes in response to short-term effective
insulin therapy. The patterns of urinary proteins in acutely and
chronically diabetic rats were compared. In addition, the rela-
tive contribution of albumin to total protein excretion was
assessed.
Methods
Six young adult female Munich-Wistar rats weighing 162 4
g were maintained in individual metabolic cages and given free
access to standard laboratory chow and tap water. Glycosuria
and proteinuria were assessed at four intervals with the use of a
previously described protocol [9], illustrated in Figure 1: (1)
before induction of diabetes, (2) after 3 to 4 weeks of streptozo-
tocin (50 mg/kg) diabetes, (3) during effective insulin treatment
with 2 to 4 U/24 hr of soluble bovine insulin continuously
delivered via a 2-week Aizet® pump (AIza Corporation, Palo
Alto, California) subcutaneously implanted after 5 to 6 weeks of
diabetes, and (4) about 2 to 4 weeks after discontinuing insulin
therapy.
Also, urine samples were collected from three female Mu-
nich-Wistar rats with untreated streptozotocin (50 mg/kg) diabe-
tes of 12 months' duration.
The 24-hr urine samples were analyzed for volume, for
glucose using a Beckman glucose analyzer (Beckman Instru-
ments, Fullerton, California), and for total protein using the
Coomassie blue dye-binding assay of Bradford [10] (Bio-Rad
Laboratories, Richmond, California), as described previously
[8, 9]. Urinary excretion of albumin was assayed by the
quantitative PAGE method of Kahn and Rubin [11], as de-
scribed previously [8].
Aliquots of urine were passed through Whatman no. 1 filter
paper and frozen for later qualitative analysis via PAGE. Urine
samples were prepared for PAGE initially by dialysis in 10 m
ammonium acetate (pH 7.4) at 40 C for approximately 48 hr
using SpectralPor 6 dialysis tubing with pore size excluding
passage of molecules larger than 3500 daltons (Spectrum Medi-
cal Industries Inc., Los Angeles, California). After dialysis,
urine sample volumes were measured and aliquots were taken
for the determination of total protein concentration using the
Bradford method [8—10]. The remaining urine volumes were
lyophilized. On the basis of the total protein measurement of
dialyzed urine samples, the lyophilized urine samples were
dissolved in sufficient sample buffer (10% glycerol, 5% mercap-
toethanol, 2% sodium dodecylsulfate (SDS), 0.0625 M Tris at
pH 6.8) to achieve a final protein concentration of 3 mg/mI.
Using a Hamilton® microliter syringe (Hamilton Company,
Reno, Nevada), 6 p.l of each sample were loaded onto a 12.5%
polyacrylamide slab gel (15 x 10 x 0.08 cm) so that there were
18 p.g of total protein per lane. A mixture containing 3 p.g each
of 6 standard proteins varying in molecular weight from 14,400
to 96,000 daltons (SDS-PAGE Low Molecular Weight Stan-
dards, Bio-Rad Laboratories, Richmond, California) was
placed on one lane of each gel. Bromphenol Blue was used as
tracking dye. After electrophoresis, gels were stained for 30 mm
with Coomassie Blue R-250 in a distilled water-ethanol-acetic
acid (5.3:4:0.7) mixture and destained overnight in 7% acetic
acid.
Statistical analyses were performed using Student's t tests
[12]. Data are expressed as the mean SEM.
Results
The daily variations in 24-hr urine volume, glycosuria, and
total proteinuria for one of the six acutely diabetic rats are
illustrated in Figure 1. These data are representative of the
group and are similar to previously reported observations in
acutely diabetic rats [9]. Polyuria and glycosuria commenced
promptly after streptozotocin injection and progressively in-
creased over the next 5 to 6 days while appreciable increases in
proteinuria appeared within 3 to 5 days. A similar pattern was
observed after stopping insulin therapy. With effective insulin
treatment, polyuria, glycosuria, and proteinuria decreased
concurrently.
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Fig. 2. The mean 24-hr excretion of glucose, total protein, and albumin
for the six acutely diabetic rats befre induction of diabetes, after 3 and
10 weeks of diabetes, during insulin ireat,nent, and for the three
chronically diabetic rats. Data are the mean SEM.
protein patterns in all acutely diabetic rats were virtually
identical during corresponding stages of the protocol. Approxi-
mately equal amounts (18 p.g) of protein were loaded onto each
lane so that the relative contribution of any protein band to total
urinary protein can be compared among urine samples. Prior to
the induction of diabetes (lanes 2 and 6 in Fig. 3), PAGE
revealed four dense bands of proteins with molecular weights
(from top downward) of about 70.000 (albumin), 30,000, 20,000,
and 15,000 daltons. After 3 weeks of acute diabetes (lanes 3 and
7 in Fig. 3), PAGE of urine samples from all six rats revealed a
complex pattern of many (up to 30) protein bands distributed
throughout the molecular weight range of 100,000 to below
14,000 daltons. Concomitantly, the relative contribution of the
four normal urinary protein bands to total urinary proteins was
reduced markedly (for albumin, by 47 to 80% in live of six
acutely diabetic rats). This complex pattern of protein bands
tended to be more prominent in urine samples of all six rats
after 10 weeks of acute diabetes (lanes 5 and 9 in Fig. 3).
Reduction of total proteinuria by effective insulin therapy was
accompanied by a striking restoration of the normal urinary
protein pattern in all six acutely diabetic rats (lanes 4 and 8 in
Fig. 3).
The patterns of urinary proteins in three rats with long-term
(12 months) untreated diabetes of varying severity are illustrat-
ed in Figure 4. These rats had glycosuria of 1.0, 3.1, and 8.6 g/24
hr. Proteinuria varied from 8 to 15 to 36 mg/24 hr, and
albuminuria varied from 0.6 to 3.9 to 4.3 mg/24 hr. PAGE
revealed that the urinary protein patterns were virtually identi-
cal among the three chronically diabetic rats and were indistin-
guishable from patterns observed in rats acutely diabetic for 3
weeks.
Discussion
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Fig. 1. The daily excretions of urine, glucose, and iota/protein in one
the six acuteh' diabetic rats.
For both acutely and chronically diabetic rats, the group data
regarding glycosuria and urinary excretion of total proteins and
albumin are illustrated in Figure 2.
After 3 weeks of acute streptozotocin diabetes, the six rats
demonstrated marked hyperglycemia (576 26 mg/dl) and
glycosuria (8.0 1.1 g/24 hr) and polyuria (90 10 ml/24 hr
versus 11 1 ml/24 hr before diabetes). Proteinuria increased
progressively after the induction of diabetes so that at 3 weeks
the urinary excretion of total protein was increased to six-fold
the baseline level (17.5 1.5 versus 2.9 0.8 mg/24 hr, P <
0.001). In each of the six acutely diabetic rats, albumin excre-
tion increased after 3 weeks of diabetes but the increase was not
statistically significant (paired t test) owing to variability among
individuals. On the other hand, for the group, there was a
significantly higher albumin excretion (1.86 0.44 versus 0.67
0.25 mg/24 hr before diabetes, P < 0.05). In five of the six
acutely diabetic rats, the contribution of albumin to total
urinary protein decreased by 63% (25.2 4.3% before diabetes
to 9.4 2.1%, P < 0.025) while increasing slightly in one rat
(from 13.5 to 20.2%).
After 5 to 6 weeks of diabetes, the rats were treated continu-
ously with insulin for 2 weeks resulting in marked decrease in
polyuria (to 20 2 ml/24 hr, P <0.001) and glycosuria (to 0.6
0.2 g/24 hr, P < 0.001). With effective insulin treatment, there
were striking decreases in urinary excretion of total protein (to
5.1 0.4 mg/24 hr, P < 0.001) and of albumin (to 1.1 0.2
mg/24 hr, P < 0.05). In all six rats, the relative contribution of
albumin to total urinary protein increased (from 11.2 2.5% to
21.2 2.4%, P <0.005).
After stopping insulin treatment, polyuria (114 17 ml/24 hr)
and glycosuria (7.4 1.0 g/24 hr) resumed, and there was a
marked increase of total proteinuria (to 30.7 3.3 mg/24 hr, P
<0.001). Although albuminuria increased (to 3.4 0.4 mg/24
hr, P < 0.005), the relative contribution of albumin to total
urinary protein was significantly less than during insulin treat-
ment (11.5 2.1%, P < 0.025).
Qualitative analysis of urinary proteins by PAGE for 2 of the
6 acutely diabetic rats is illustrated in Figure 3. The urinary
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and 3 months of untreated diabetes [25, 261. Thus, it appears
that increased urinary excretion of total protein and albumin
can occur in acutely diabetic rats independent of altered
glomerular permeability to dextrans. In chronically diabetic rats
with proteinuria, normal clearances of macromolecular neutral
dextrans were found [8], suggesting that proteinuria did not
result from increased size or number of glomerular pores. The
endogenous urinary proteins revealed by PAGE in both acutely
and chronically diabetic rats' are of the same molecular size as
the exogenous synthetic neutral dextrans used in the permselec-
tivity studies. Hence, factors other than molecular size, such as
charge or steric configuration, might be the critical factors
determining glomerular filtration of endogenous LMWP's. To
the extent that albuminuna may serve as an index of enhanced
filtration of negatively charged macromolecules, the small and
inconstant increases in albumin excretion [3, 4, 6—8] suggest
that proteinuria occurs in diabetic rats independent of substan-
tial impairment of glomerular charge-selectivity.
Glomerular hemodynamic factors conceivably could contrib-
ute importantly to the proteinuria in experimental diabetes.
Studies by Michels, Keane, and Davidman [261 in untreated
short-term diabetic rats have shown an association between
elevated excretion of both albumin and neutral dextrans and
reduction of GFR and glomerular plasma flow (GPF). These
results are consistent with the theoretical analysis of Chang et al
[271 regarding the influence of hemodynamic factors on the
glomerular filtration of macromolecules. Short-term diabetic
rats with less severe hyperglycemia owing to insulin treatment
have exhibited increased GFR and GPF [26, 281 and normal
excretion rates of albumin and neutral dextrans [26]. In con-
trast, it was found that proteinuria occur:s in both acutely and
chronically diabetic rats in the absence of altered GFR [5, 8, 91.
Collectively, these data suggest that alterations of glomerular
hemodynamic factors are not essential for the development of
proteinuria in diabetic rats.
The rapid increase in protein excretion after the induction of
diabetes and the prompt decrease after effective insulin therapy
suggest that the proteinuria may be an acute manifestation of a
functional microangiopathy induced by the metabolic aberra-
tions of diabetes. Serum proteins in diabetic rats have been
shown to become rapidly nonenzymatically glycosylated, with
changes in glycosylation of albumin and serum proteins occur-
ring within 2 days of changes in blood glucose levels [29, 30].
The influence of glycosylation on renal handling of circulating
proteins has not been evaluated. However, McVerry et al
reported that glomerular basement membrane thickening devel-
ops after repeatedly injecting mice with plasma proteins that
had been glycosylated in vitro [31]. Thus, glycosylation of
serum proteins and possibly structural proteins in either
glomerular capillaries or renal tubules may provide a common
link between hyperglycemia and both the functional and struc-
tural microangiopathies of diabetes [321.
Conclusion. This study shows that rapid fluctuations in the
metabolic derangements of diabetes have prompt and profound,
yet poorly understood, effects on the renal excretion of a virtual
universe of proteins. The proteinuria in diabetic rats appears to
Retrospectively, it was found that the urine of those chronically
diabetic rats that underwent neutral dextran clearances 18] exhibited the
same protein pattern as observed in this study.
be a manifestation of a functional rather than structural mi-
croangiopathy whose pathophysiology and pathogenetic impli-
cations have yet to be elucidated.
Summary. The pattern of urinary proteins was evaluated by
polyacrylamide gel electrophoresis (PAGE) in six rats with
acute streptozotocin diabetes and in three chronically diabetic
rats. Induction of diabetes resulted in a rapid increase of total
proteinuria [to 17.5 1.5 mg/24 hr (sEM) at 3 weeks versus 2.9
0.8 mg124 hr before diabetes, P < 0.001] and slight elevation
of albuminuria (1.86 0.44 mg124 hr versus 0.67 0.25 mg/24
hr, P < 0.10). Both total proteinuria and albuminuria decreased
significantly during 2 weeks of effective insulin therapy (total
proteinuria to 5.1 0.4 mg/24 hr, P < 0.001 and albuminuria to
1.1 0.2 mg/24 hr, P < 0.05) and promptly increased after the
withdrawal of insulin to above pretreatment levels (total pro-
teinuria to 30.7 3.3 mg/24 hr, P < 0.001 and albuminuria to 3.4
0.4 mg/24 hr, P < 0.005). Before induction of diabetes, PAGE
showed four dense protein bands with molecular weights of
about 70,000 (albumin), 30,000, 20,000, and 15,000 daltons.
During acute diabetes, PAGE revealed an array of numerous
new protein bands distributed throughout the molecular weight
range of 100,000 to below 14,000 daltons. Concomitantly, the
relative contribution of the 4 normal protein bands to total
urinary proteins was markedly reduced. During insulin therapy,
urinary protein patterns were similar to those before the induc-
tion of diabetes. Urinary protein patterns were the same in
acutely and chronically diabetic rats. Thus, proteinuria in
diabetic rats is chiefly due to an array of relatively low-
molecular-weight proteins whose excretion varies inversely
with the degree of metabolic control of diabetes.
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